The corner separation in the high-loaded compressors deteriorates the aerodynamics and reduces the stable operating range. The flow pattern is further complicated with the interaction between the aperiodic corner separation and the periodically wake-shedding vortices. Accurate prediction of the corner separation is a challenge for the Reynolds-Averaged Navier-Stokes (RANS) method, which is based on the linear eddy-viscosity formulation. In the current work, the corner separation is investigated with the Delayed Detached Eddy Simulation (DDES) approach. DDES results agree well with the experiment and are systematically better than the RANS results, especially in the corner region where massive separation occurs. The accurate results from DDES provide a solid foundation for mechanism study. The flow structures and the distribution of Reynolds stress help reveal the process of corner separation and its interaction with the wake vortices. Before massive corner separation occurs, the hairpin-like vortex develops. The appearance of the hairpin-like vortex could be a signal of large-scale corner separation. The strong interaction between corner separation and wake vortices significantly enhances the turbulence intensity. Based on these analyses, entropy analysis is conducted from two aspects to study the losses. One aspect is the time-averaged entropy analysis, and the other is the instantaneous entropy analysis. It is found that the interaction between the passage vortex and wake vortex yields remarkable viscous losses over the 0-12% span when the corner separation has not yet been triggered; however, when the corner separation occurs, an enlarged region covering the 0-30% span is affected, and it is due to the interaction between the corner separation and wake vortices. The detailed coherent structures, local losses information and turbulence characteristics presented can provide guidance for the corner separation control and better design.
Introduction
The corner separation, which widely exists in the junction area of high-loaded compressors [1] , is one of the main concerns in the compressor community. In recent decades, increasing attention has been paid to the corner separation due to the demand of higher pressure rise. A series of experimental and numerical studies has been conducted about the parameters affecting corner separation, including two-dimensional and three-dimensional separations, the influence of surface roughness and the interaction between tip clearance and corner separation [2] [3] [4] . Despite these efforts, the mechanisms of corner separation are still not fully understood. In recent years, a number of experimental and high-fidelity numerical studies have been carried out in this field. Ma et al. experimentally studied the corner separation under different incidence angles [5, 6] and numerically studied the intermittency is conducted from two aspects. The time-averaged entropy analysis evaluates the overall contributions of the corner separation to the losses, and the instantaneous entropy analysis relates the local losses to the flow structure that generates the losses. This work aims to investigate the interaction process and the losses and to provide guidance for the corner separation control and better design. This paper is organized as follows: firstly the experimental configuration is given, and then, the numerical modeling is introduced; in the following part, the detailed numerical results are compared to the experiment and analyzed; the last section concludes this paper.
Experimental Configuration and Numerical Modeling
A linear compressor cascade is used to investigate the corner separation, which is representative of highly-loaded compressor stator blades. The cascade consists of 13 blades and was tested experimentally by Ma et al. [5, 6] . In the experiment, the inflow velocity was U ∞ = 40.0 ± 0.3 m/s, with a chord Reynolds number Re c = 382000 ± 2866. The experimental parameters are summarized in Table 1 . One blade passage is modeled in the simulation, and two sides of flow passage are set as periodic. As this is a linear cascade, the flow field ranging from the hub to 50% span is modeled, and the symmetry boundary condition is enforced at half span to reduce cost. The multi-block structured mesh is generated with the 4HOtopology, as shown in Figure 1 . The mesh consists of about 3.7 million points. The minimum y + at the wall is 1.13 × 10 −3 , and the maximum y + is 1.81. To better capture the corner separation in LES mode, the corner area is filled with nearly isotropic elements, with the expansion ratio less than 1.15 and the aspect ratio less than two. The same mesh is used in the RANS simulation. The inlet boundary condition is set identical to the experiment, and the outlet static pressure is set to the atmospheric value.
A suite of well-proven in-house code [21, [25] [26] [27] [28] is employed to conduct both RANS and DDES simulations. This code is based on the multi-block structured mesh, and the integral form of the Navier-Stokes equation is solved with the finite volume method. In the DDES simulations, in order to minimize the numerical dissipation to retain small-scale turbulence structures, a fifth-order method [26] is employed. For the unsteady simulation, the dual time-step method is employed; the physical time step is set to be 5 × 10 −5 s; and the computation is performed for 80 flow-through times (c/U ∞ ), which are about 6000 time steps. The discretized governing equation is solved with an efficient implicit method, and the multigrid method is adopted to further accelerate the convergence. For current unsteady simulation, during every physical time step, 4∼5 orders of residual reduction can be obtained within 30 iterations.
In the experiment, sandpaper strips are used to force the transition from laminar to turbulence near the leading edge, and thus, the whole flow field can be regarded as fully turbulent. In this work, the turbulence is treated based on the standard Spalart-Allmaras (S-A) one-equation model [29] :
where d is the distance to the nearest wall, and the complete definition can be found in [29] . The Detached Eddy Simulation (DES) method [30] uses the Unsteady Reynolds-Averaged Navier-Stokes (URANS) model in the near wall region and switches to the LES model far from the wall. [23] improved the DES model, and the new Delayed Detached Eddy Simulation model (DDES) uses a formulation to limit the DES length scale to ensure that the transition is mesh-independent. The parameter r d used in the original S-A model is modified to:
where U ij is the velocity gradient. The parameter r d is applied to the following function:
which reduces the grey transition area between the URANS and LES models [23] .
Results and Discussion

Validations of Numerical Results
First, the predicted static pressure coefficient and total pressure loss coefficient are compared against the experiment. The static pressure coefficient Cp is defined as
, and the total pressure loss coefficient ω is defined as ω = p t,∞ − p t p t,∞ − p ∞ , where p t,∞ and p ∞ represent the total pressure and reference static pressure, respectively.
The static pressure coefficient Cp distributions from RANS and DDES are both in good agreement with the experiment along the blade surface at 50% span, as shown in Figure 2a . However, in the corner area, the Cp distribution from DDES is more accurate than RANS, as shown in Figure 2b . The RANS prematurely predicts the corner separation, while the DDES accurately predicts the starting point of separation. The total pressure losses are compared with the experimental measurement at 36.3% axial chord downstream from the trailing edge, as shown in Figures 3 and 4 .
From the comparison, it is clear that RANS overestimates the total pressure loss, and this is because RANS prematurely predicts the corner separation, causing larger flow blockage. The power spectrum of velocity fluctuations at a point near the trailing edge is presented in Figure 5 . The DDES predicts an inertial subrange that agrees well with the Kolmogorov −5/3 law [31] . From Figure 5 , there exists a peak at about 140 Hz, which corresponds to the periodically-shedding vortices. The aperiodic corner separation contains a series of unsteady characteristic frequencies, instead of a single one. As the physical time interval is 5 × 10 −5 s, more than 140 physical time steps are employed during one shedding period.
Vortical Structures
In order to delineate the unsteady separation process in the corner region, the Q criterion is used to identify the vortical structures, and it is defined in the form of:
where Ω ij is the vorticity tensor and S ij is the shear strain tensor. Instantaneous vortical structures from DDES result are given in Figure 6 with the Mach number rendered on the isosurface. The stripe vortices near the trailing edge represent shedding wakes. Additionally, there are the horseshoe vortex, passage vortex and separation vortex near the corner area. The separation vortex is the mix of the pressure side branch of the horseshoe vortex, the passage vortex and the boundary layer separation flow. In this study, it is found that the location of the passage vortex is relatively steady, and a similar finding has been obtained in [13] , while the structure and location of the separation vortex vary significantly with the development of corner separation. The suction side boundary layer separates much earlier, so there is no suction side wake vortices in the corner area. Based on these observations, the following part will discuss the interaction between the corner separation and pressure side wake vortices. The development of corner separation at four time instants is shown in Figure 7 . The inlet flow produces two legs of the horseshoe vortex at the leading edge. The suction side branch of horseshoe vortex develops with the mainstream along the blade surface. With the inducing of the suction side branch of horseshoe vortex, the suction side boundary layer separates, as shown in Figure 7a . The strong streamwise adverse pressure gradient blocks the separation flow and makes the separation line keep rising up, as shown in Figure 7b . Then, the separation flow gradually rolls up and shears with the mainstream. Meanwhile, the cross-passage pressure gradient drives the pressure side branch of the horseshoe vortex and the passage vortex towards the suction side, which continually merges with the separated flow, as shown in Figure 7c . The boundary layer separation flow develops into the hairpin-like vortex near the trailing edge. Likewise, it is interesting to notice that in recent studies about several high-loaded compressors, the hairpin-like vortex has also been observed, with the usage of high-fidelity turbulence simulation tools [11] [12] [13] . Then, the scale of corner separation enlarges rapidly, as shown in Figure 7d . Hence, the suction side boundary layer massively separates, and the massive separation flow merges with the passage vortex and develops into the new separation vortex. During this period, the corner separation produces a series of large-scale vortices. According to the DDES results at four time instants given in Figure 8 , the hairpin-like vortex always appears in the junction region during the occurrence of corner separation. The hairpin vortex is a coherent structure in wall turbulence transport momentum [32] , and it emerges because of perturbations of small upward motion, which is induced by differences in upward flowing velocities depending on the distance from the wall. Additionally, the leg ends of hairpin vortices could gradually converge, resulting in provoked eruptions and producing new hairpin vortices [33] . In the compressor cascade environment, as demonstrated in Figure 8a , the boundary layer separation flow rolls up due to the blockage of the strong adverse pressure gradient. The passage vortex and blade surface boundary layer block the downstream migration of both ends of the separation flow. As a result, the body of separation flow rises up and sheds faster than the legs, as shown in Figure 8b . Thus, the separation flow gradually develops into the vortex like a hairpin, as shown in Figure 8c To figure out the influence of the hairpin-like vortex during the corner separation, the instantaneous skin friction lines are examined during the appearance of hairpin-like vortex, as shown in Figure 9 . The skin friction lines demonstrate the range of the separation [3] . Because of the blockage caused by strong adverse pressure gradient, the skin friction line continually rises up along the blade surface. Therefore, the range of the boundary layer separation continually enlarges. There exists a peak of the friction line near the trailing edge. The position of the peak suggests the scale of the corner separation. With the evolution of separation flow, the peak of the friction line slowly rises up. When the hairpin-like vortex appears and sheds, the peak of the friction line rapidly rises up, and the scale of the corner separation sharply enlarges. After this period, the scale of corner separation stops enlarging, while the separation is already quite strong, and massive separation flows develop in the new separation vortex. Thus, the appearance of the hairpin-like vortex could be a signal of the occurrence of mature corner separation. The interaction between the corner separation and wake-shedding vortices is remarkably different before and after the appearance of the hairpin-like vortex. The Q isosurfaces at three time instants before the emergence of hairpin-like vortex are given in Figure 10 , and another three time instants after the appearance of hairpin-like vortex are given in Figure 11 for comparison. The Q isosurfaces are rendered by the Mach number to demonstrate the local velocity. As given in Figure 10 , the corner separation interacts with the wake vortices before the hairpin-like vortex appears, and according to Figure 9 , the size of the separation region is relatively smaller. In this paper, this period is called the "immature corner separation". The boundary layer separation flow gradually merges with the passage vortex and develops into the hairpin-like vortex. As a consequence, the range of separation gradually enlarges, and the boundary separation flow does not fully develop in the separation vortex. The passage vortex is the main secondary flow at the bottom of corner area, as shown in Figure 10a -c. On the one hand, the passage vortex merges with the boundary separation flow, producing the hairpin-like vortex. On the other hand, the passage vortex interacts with shedding wake vortex. With the merging of passage vortex, the shedding of the wake is delayed near the corner area. Naturally, the interaction is not strong, so only a small area of wakes is influenced. The passage vortex continually merges with the shedding wake vortex and makes it deform, as shown in Figure 10d -f. Hence, before the corner separation matures, the interaction between the passage vortex and the wake vortex dominates. Figure 11 shows that the corner separation interacts with the wake vortices after the hairpin-like vortex appears. In this paper, this period is called the "large-scale (mature) corner separation". During this period, the strong separation stops enlarging further, and massive separation flow develops in the new separation vortex. As a result, the separation vortex is the main secondary flow in the corner area, as shown in Figure 11a -c. The two legs of the separation vortex interact with the passage vortex and the wake vortex, respectively. The passage vortex almost totally merges with the near-end wall leg of the separation vortex. Therefore, there exists a backflow area at the bottom of the corner area, as shown in Figure 11b ,c. Additionally, the other leg of the separation vortex interacts with the shedding-wake vortex and makes them deform and break into a series of small-scale vortices, as shown in Figure 11e ,f. The separation vortex itself also deforms and dissipates due to the interaction with the passage vortex and wake-shedding vortex. Compared to the situation where the hairpin-like vortex does not appear, the interaction between the separation vortex and wake vortex is much stronger, and a larger area is influenced. Hence, after the corner separation matures, the interaction between the separation vortex and the wake vortex dominates the flow in the corner area. 
Turbulence Characteristics
The unsteady interaction between the corner separation and the shedding wake vortices would definitely influence the turbulence characteristics. Both the separation vortex and wake vortex experience strong shear and deformation, especially near the wake area. In this part, the distributions of Reynolds stresses are given and analyzed.
For convenience, a rotated Cartesian coordinate system is formed, as given in Figure 12d . Note that in the new coordinate system, s denotes the streamwise direction, n the wall-normal direction and r the radial direction. The distributions of normal Reynolds stresses are given through Figure 12a -c.
It is clear that < u n , u n > and < u s , u s > are larger than the normal Reynolds stress < u r , u r >. The Reynolds stress is closely related to turbulent momentum transport. Therefore, the radial velocity fluctuation is relatively weak, while the fluctuation of stream-wise and wall-normal velocities is relatively strong. The turbulence characteristics are different between the corner area and wake area. The normal Reynolds stresses < u r , u r > and < u n , u n > are dominant at the wake area, while the normal Reynolds stress < u s , u s > is dominant in the corner area, especially at the outer edge. Because the high-speed mainstream interacts strongly with the low-speed boundary layer separation flow, the streamwise Reynolds stress is strong at the outer edge of the corner area. The separation vortex interacts with the wake vortex more fiercely in the wake area than in the corner area, so the turbulent momentum transport in the wall-normal and radial directions at the wake are stronger. 
Loss Analysis
The strong interaction between the corner separation and wake vortices generates considerable losses. The entropy generation rate is applied in this paper to quantitatively measure the losses. The local entropy generation due to irreversible processes includes thermal loss and viscous loss. Based on the above vortical analysis and turbulence characteristic analysis, entropy analysis is conducted from two aspects: the time-averaged entropy analysis and the instantaneous entropy analysis. Compared to the viscous entropy generation rate, in compressors, the thermal entropy generation rate is quite small and, thus, can be neglected [9] . The viscous entropy generation rate per unit volume S vis is defined as:
where µ is the viscosity coefficient and ij the strain rate tensor. The dimensionless viscous entropy generation rate is defined as:
where T ∞ , ρ ∞ , U ∞ are the inlet temperature, density and velocity, respectively. c x is the axial chord.
Time-Averaged Entropy Analysis
In order to capture overall viscous losses information, the time-averaged entropy generation rate is analyzed, and this parameter is defined as:
where T is the sample length. The time-averaged dimensionless viscous entropy generation rate Φ is defined in a similar manner. Figure 13 shows the distribution of time-averaged non-dimensional viscous entropy generation rate Φ. The 21.6% span represents the distribution out of the corner area; the 10.8% span and 5.4% span represent the distributions around the corner area. Compared to 21.6% span, the viscous losses of 10.8% span and 5.4% span are larger at the corner area and the wake area, especially near the wake area. That is the consequence of the corner separation. Obviously, losses are extensively generated at the boundary layer area, the outer edge of the corner area and the wake area. The interaction between boundary layer separation flow and passage vortex causes the main viscous loss near the outer edge of the corner area. Meanwhile, the interaction between separation vortex and wake vortex causes significant viscous loss at the wake area. In order to quantitatively analyze the irreversible loss caused by the interaction between the corner separation and the wake vortex, the mass flow-averaged entropy generation rate is defined as:
and its distribution along the radial direction is given in Figure 14 ; also note that in Figure 14 , the abscissa axis is normalized. The X/h = 0 represents the end wall, and the X/h = 0.5 represents the mid-span of the cascade. According to the flow structures discussed above and Figure 14 , the distribution of Ψ can be divided into four parts, which respectively represent the losses from different flow structures. The first part, 30-50% span, represents the loss from the wake vortex without the influence of the separation vortex; the second part, 12-30% span, represents the losses from the wake vortex and separation vortex; the third part, 4.5-12% span, represents the losses from the wake vortex, separation vortex and passage vortex; the last part, 0-5.4% span, represents the losses mainly from the wake vortex, passage vortex and end wall boundary layer. The loss from the wake vortex without the influence of the separation vortex is small, while the loss increases rapidly with the influence of the separation vortex, and the interaction significantly increases the loss. The influence of corner separation can reach up to 30% span. There exists a small peak at 12% span, where the interaction between the separation vortex and wake vortex is the strongest. The loss in the third part keeps at a high value and is nearly constant. This indicates that the separation vortex-wake vortex interaction and the passage vortex-wake shedding interaction throughout this region are fully developed. Because of the viscous friction from the end wall, the loss increases rapidly in the fourth part. To sum up, the losses from passage vortex and wake vortex dominate at about 0-12% span, and the covering range enlarges to 30% span, when considering the influence of the interaction between the separation vortex and wake vortex. To weigh the contributions of the separation vortex, passage vortex and wake vortex, the dimensionless viscous entropy generation rate Φ at three slices will be discussed, and their positions are given in Figure 15 .
(a) (b) Figure 15 . The location of the slices S1-S1, S2-S2 and S3-S3. The distributions of Φ along five spanwise Lines A, B, C, D and E are extracted, and their positions are also given. Note that S2-S2 and S3-S3 slices are parallel to the cascade outlet. (a) Slice S1-S1; (b) Slice S2-S2 and S3-S3.
The distribution of Φ on the S1-S1 slice is given in Figure 16a .
(a) (b) Figure 16 . The distribution of the time-averaged dimensionless viscous entropy generation rate Φ on the slice S1-S1. (a) Distribution of Φ on the S1-S1 slice; (b) One-dimensional distributions of Φ along five spanwise lines. Figure 16b gives the distributions of Φ along the five spanwise lines. According to the analysis of vortical structures above, B, C and D can approximately represent the viscous entropy generation rate distributions of the wake area, the separation vortex area and the passage vortex area, respectively. The distributions of Φ along A and E are given here for contrast. It is clear the loss from the wake vortex is larger than the losses from the separation vortex and passage vortex, especially around the corner area. Comparing A and E, Φ along B, C and D are much larger below about 25% span, because the losses mainly come from the separation vortex, passage vortex and wake vortex, and the interaction increases the loss around the corner area. At the position C, the loss has a peak at about 14% span; while at the position D, the loss has a peak at about 7% span. Position C represents that the loss mainly comes from the separation vortex, and position D indicates that the loss mainly comes from the passage vortex. Therefore, in the corner area, the separation vortex causes the main loss at about 14% span, while the passage vortex causes the main loss at about 7% span. At Position B, the effects from several mechanisms co-exist. Above 20% span, the loss mainly comes from the wake vortex. Below 20% span, the wake vortex together with the interaction between separation vortex and wake, also the interaction between passage vortex and wake vortex results in the rapidly increased loss, which reaches a peak at 8% span. Moving closer to the end wall, the loss at Position B increases again because of the additional contribution from the end wall friction. Hence, the loss from the wake vortex dominates in the corner area, though the passage vortex and the separation vortex also cause considerable losses. The loss from the wake vortex increases rapidly due to the influence of the passage vortex and separation vortex. The covering range of high-loss area is enlarged mainly by the influence of separation vortex.
Instantaneous Entropy Analysis
The overall loss information has been obtained, and the main contributors are figured out in the former section. This section is aimed at analyzing the instantaneous loss during the corner separation process. The instantaneous entropy generation rate distributions on slice S2-S2 and slice S3-S3 are analyzed. The locations of S2-S2 and S3-S3 are given in Figure 15b , with the former demonstrates the loss along the wake vortex, and the latter demonstrates the loss along the separation vortex.
The distribution of Φ before the appearance of the hairpin-like vortex is presented in Figure 17 . During this period, the passage vortex is the main secondary flow at the bottom of corner area. Therefore, the loss of the corner area dominates below the 10% span, and the high-loss area gradually rises up with the development of separation flow, as shown in Figure 17d -f. The loss from the wake vortex decreases rapidly after shedding, while the loss from the corner area decreases slowly, and the high-loss area is below about 10% span, as shown in Figures 17a-c. As discussed above, during this period, the passage vortex continually merges with the wake vortex, which causes additional loss in the wake area. With the blockage of the passage vortex, the pressure side wake vortex deforms in the corner area near end wall, which causes that the loss distribution below the 10% span. Therefore, the interaction between the passage vortex and wake vortex causes significant additional loss in the corner area before the corner separation matures. The distribution of Φ after the appearance of the hairpin-like vortex is given in Figure 18 . With the separation flow developing in the hairpin-like vortex, the large-scale corner separation occurs. The separation vortex is the main secondary flow above the corner area. The high-loss area enlarges rapidly and gradually rises up in the corner area, as shown in Figure 18d -f. During this period, the passage vortex almost totally merges with separation vortex, while the backflow in this area does not result in obvious viscous loss. In the wake area, the high-loss area enlarges up to 20% span, as shown in Figure 18a -c. During this period, the legs of the separation vortex strongly interact with the wake vortex and make the wake vortex break down, which causes the enlargement of the high-loss area. Therefore, the interaction between separation vortex and wake vortex causes significant additional loss in the corner area after the corner separation matures. Figure 18 . The instantaneous dimensionless viscous entropy generation rate Φ, after the hairpin-like vortex appears. (a) t = t 0 +
Conclusions
The corner separation in a linear compressor cascade is studied with both RANS and DDES approaches. The three-dimensional vortical structures, turbulence characteristics and losses are then analyzed. The main conclusions are as follows:
• This work demonstrates the feasibility of simulating compressor cascade with corner separation by DDES. The DDES successfully predicts the three-dimensional unsteady corner separation and captures rich flow structures. The RANS prematurely predicts the corner separation and overestimates the total pressure loss coefficient. DDES results agree well with the experiment and are systematically better than the RANS results.
• The mechanisms of the corner separation are further investigated based on the high-resolution flow structures. The development and role of the hairpin-like vortex are revealed. The hairpin-like vortex comes from the emerging of the boundary layer separation and the passage vortex, and the hairpin-like vortex lifts the separation line in the corner area as it develops. The interaction between the corner separation and wake shedding vortices is remarkably different before and after the appearance of the hairpin-like vortex. The appearance of the hairpin-like vortex could be a signal of large-scale corner separation.
• The turbulence characteristics near the corner area and wake area are studied. The interactions between the different secondary flows enhance the turbulence intensity, however with different effects on the turbulent momentum transport. The normal Reynolds stresses < u n , u n > and < u r , u r > dominate near the wake area, while the normal Reynolds stress < u s , u s > dominates near the corner area.
• With entropy analysis, the overall losses generation information is obtained, and the losses are related to the flow structures that generate them. The majority of loss comes from the bottom 30% span, especially the bottom 12% span. The high-loss region can be divided into four parts according to their contributors, and the contributions of different secondary flows are revealed. The corner separation vortices increase the loss magnitude and enlarge the high-loss region due to its interaction with the wake vortices.
• The instantaneous entropy analysis indicates that the loss distributions vary obviously before and after the appearance of the hairpin-like vortex. This behavior of loss is the same as that for the coherent flow structure, and it is the consequence of the interaction between separation and wake vortices. The interaction between the passage vortex and wake vortex is the main cause of the losses when the massive corner separation has not yet been triggered (the hairpin-like vortex has not shown up); however, when the massive corner separation occurs, the influence of the interaction between the separation vortex and wake vortex becomes dominant, and an enlarged region is affected.
